Purpose In vivo evaluation of scoliosis treatment using a novel approach in which two posterior implants are implanted: XSLAT (eXtendable implant correcting Scoliosis in LAT bending) and XSTOR (eXtendable implant correcting Scoliosis in TORsion). The highly flexible and extendable implants use only small, but continuous lateral forces (XSLAT) and torques (XSTOR), thereby allowing growth and preventing fusion. Methods Since (idiopathic) scoliosis does not occur spontaneously in animals, the device was used to induce a spinal deformity rather than correct it. Six of each implants were tested for their ability to induce scoliotic deformations in 12 growing pigs. Each implant spanned six segments and was attached to three vertebrae using sliding anchors. Radiological and histological assessments were done throughout the 8-week study. Results In all animals, the intended deformation was accomplished. Average Cobb angles were 19°for XSLAT and 6°for XSTOR. Average apical spinal torsion was 0°f or XSLAT and 9°for XSTOR. All instrumented segments remained mobile and showed 20 % growth. Moderate degeneration of the facet joints was observed and some debris was found in the surrounding tissue.
Introduction
Adolescent idiopathic scoliosis (AIS) is a complex threedimensional deformity of the spine and trunk. The deformation is typically characterized by axial vertebral rotation, apical lordosis and lateral deviation of the spine and has a significant impact on patients, both mentally and physically [1, 2] . In severe cases, surgical correction and spinal fusion (spondylodesis) are required. Since the 1960s, many systems have become available and considerable technical improvements have been made [3, 4] . Besides the strategy of posterior correction and fusion, several researchers have recognized the possibility to guide the growing spine by selective tethering. This method has been shown to be effective in animal models and clinically in carefully selected patients [5, 6] . However, certain important disadvantages remain unsolved in all current systems such as loss of motion and growth arrest of the treated segments [7, 8] . Therefore, other strategies that either maintain mobility or allow growth have been explored [9, 10] . Examples are the application of tethering ligaments [11] [12] [13] , growing rod systems [14, 15] and passive or motor-driven lengthening implants [16] . These strategies still have considerable limitations, e.g., not attempting to recreate normal spinal anatomy, being too stiff or requiring additional operations.
We developed a novel posterior non-fusion scoliosis correction system, referred to as the XSLATOR [17, 18] . This system applies continuous coronal and axial corrective forces. Unlike the tethering techniques used by, e.g., Braun and Schwab [12, 19] , which are intrinsically similar to asymmetrical growth inhibition, the XSLATOR preserves spinal flexibility, is fully capable of growth facilitation and therefore will not inhibit growth. The system consists of two posterior implants (Fig. 1) . One implant, the XSLAT (eXtendable implant correcting Scoliosis in LAT bending), is a lateral bending element, which is based on the recently developed application of shape-memory metal in posterior implants for enhanced post-operative correction [20] . The other (XSTOR; eXtendable implant correcting Scoliosis in TORsion) is a torsion-generating element that uses spinal growth for post-operative correction. Due to the flexibility of both elements, the additional stiffness to the spine is in the order of 10 % [17] , which allows physiological motion. The important advantages of this are a much lower likelihood of spontaneous fusion and lower stresses on the proximal and distal anchors.
The aim of the current study is to analyze the functioning of the lateral deformation device (XSLAT) and the rotation device (XSTOR) in a growing pig model. Furthermore, the maintenance of growth, absence of fusion and soft tissue reaction will be monitored.
Methods

Study design
The devices were implanted in 12 female pigs (age 4 months, weight 55-60 kg). Six received XSLAT and six received XSTOR. In both experiments, three pigs received a wide version and three received a narrow version (Table 1) . XSLAT was placed on the left side to prevent the preshaped implant from touching the spinous processes, and XSTOR was placed on the right side to mimic the corresponding placement in a potential combined application (XSLAT and XSTOR in one pig).
Devices
For both devices (XSLAT and XSTOR), we originally designed the implant to be placed fully between the pedicle screw and the spinous process (narrow version, Fig. 1a-c ). This would be the least bulky design. However, as we were uncertain whether the pigs' anatomies would allow for this placement, we also designed a wide version of each implant ( Fig. 1d-f ). The wide version is placed partially medially, partly laterally to the pedicle screw (Fig. 1f) . The mechanical behavior of both versions was similar in principle, but the narrow versions supplied slightly smaller torques (approximately, 2 vs. 2.5 Nm) [13] . The lateral bending device, XSLAT, consists of a 4 mm-diameter NiTi shape-memory rod with double U-loops and three vertebral fixation parts (Fig. 2a) . The system is implanted in cold condition, after which the bending moment is gradually applied as the implant warms up to the body temperature (2.8 Nm bending moment [17] ). The torsion device, XSTOR, was manufactured from titanium grade 23 and consists of two torsion springs, two U-loops, and sliding anchors similar to the XSLAT (Fig. 2b) . The torsion springs were preloaded (with 1 Nm torque each [17] ) before fixation to the apical vertebra. For both devices, the sliding anchors are connected to the vertebrae by a transverse connector between a pair of pedicle screws (Fig. 1) . The cranial and caudal anchors can slide axially over two U-shaped loops to transfer torque while still allowing growth and motion. Each implant allows about 35 % axial growth until a ring, at the end of the loops, prevents detachment of the bearings (Fig. 2b) .
Animal model
Because no animal models with genuine scoliotic deformation were available, we used an inverse approach by inducing a scoliotic curve [21] . We used the growing pig model, because its biomechanical behavior and geometrical dimensions are similar to those of humans [22, 23] .
Surgery
After anesthesia, the pigs were placed in prone position. Pedicle screw insertion was via the transmuscular approach to minimize soft tissue injury and disturbance of the periosteum [24] . Two pedicle screws were placed in each of the vertebrae T12, T15 and L2 and connected with a 3.5 mm-thick transverse bridge. The sliding anchor containing the implant was then connected to these bridges in a subfascial manner without tension. XSLAT was tensioned by warming to body temperature, whereas XSTOR was tensioned to apply a torque of approximately 2 Nm in the clockwise direction (as commonly seen in idiopathic scoliosis) on T15. After surgery, AP and lateral radiographs of the anaesthetized pigs were taken (Fig. 3 ). There were no postoperative restrictions and pain relief was given with buprenorphine.
Post-operative follow-up
The pigs were checked daily for signals of pain, mobility and progress of recovery. After 8 weeks, the pigs were (2) with the ability to slide (using UHMWPE bushings) over the loops and a central part (3) . b The XSTOR (material: Ti6Al4 V) consists of two U-loops (4), two torsion springs (5), and two sliding bearing systems (2), also using UHMWPE bushings. At the center of the implant, torsion is generated by twisting, and subsequently mounting the square part (6) into the square hole of a box-shaped center part (7) . Fixation to the spine is through transverse bridges connected to the pedicle screws. A ring (8) at the end of the U-loop prevents the bearing from being detached Eur Spine J (2016) 25:2975-2983 2977 killed except for one randomly chosen pig from the XSTOR (wide) and one from the XSLAT (wide) group. These two were followed until 12 weeks to get more insight into the continuation of growth. Segmental growth was determined from radiographs taken of anaesthetized animals at 0, 1, 4 and 8 weeks (and 12 weeks instead of 8 weeks for the mentioned two pigs) by measuring the distance between the superior (proximal) and inferior (distal) endplates of the instrumented vertebrae. Lateral deformation and kyphosis angle of the instrumented segment were measured from the frontal and sagittal radiographs.
CT analysis
The spines were harvested en bloc and kept at 38°C to maintain the lateral bending moment until a CT scan was made. The CT scan was examined for signs of material failure, spontaneous fusion and reactive bone formation. From T12, T15 and L2, a transverse CT slice (0.6 mm thickness) was selected at the level of the pedicle screws. The relative axial rotation angles of the vertebrae were determined by comparing manually drawn anteroposterior lines of symmetry of each vertebra. The final lateral and sagittal deformation were quantified by determining the Cobb angle and kyphosis angle between the endplates of the instrumented vertebrae T12 and L2. The lateral wedge deformation of all vertebrae within the implanted area was determined by measuring the angle between the manually drawn lines across the endplates in a frontal view.
Histology
After the CT scans, the implants were removed and checked for failure and signs of wear. Additionally, deformation of the implant, indicating a loss of functionality, was checked. The spine was manually tested for mobility before fixation in formaldehyde (4 %). Tissue reaction and presence of wear particles were examined on soft tissue samples that were collected from areas adjacent to the hardware. These were embedded in paraffin, cut into 5 lm slices and stained with toluidine blue (1 %) and hematoxylin & eosin. Control samples were taken from a location outside the area of implantation. Facet joints from vertebrae inside and outside the implanted region were harvested, decalcified with propylene diamine tetraacetic acid and embedded in a glycol methacrylate resin. Slices (3 lm) were stained with toluidine blue. These joints were categorized into three groups: adjacent to the screws (I: instrumented, n = 61), within the instrumented area (U: un-instrumented, n = 19) and outside the area of surgery (C: control, n = 3). Two blinded examiners classified the joint cartilage quality according to the Mankin scale (0-13) [25] .
Statistical analysis
Differences in torsion angle between the four implanted groups were analyzed by one-way ANOVA followed by a Tukey HSD post hoc analysis. For the Cobb and kyphosis angles, a repeated measures (RM) analysis was used followed by a Tukey HSD post hoc analysis to determine differences between the groups. Subsequently, for statistical relevance, the four groups were pooled into two groups: XSLAT and XSTOR, on which similar analysis were performed. For the Mankin scores, we examined differences between the groups (I, U and C) using multiple nonparametric Mann-Whitney (MW) tests.
Results
General
All implants remained functional and no serious complications occurred during the experiment ( Table 2 ). The CT data showed small amounts of reactive bone around the screws (Fig. 4) The initial deformations directly after preloading were small (Fig. 6 ). XSLAT induced a lateral deformity (Cobb angle) that increased with implantation time until it reached 18.6°(range 14°-22°) after 8 weeks (Figs. 5, 6a) . XSLAT did not result in any significant torsion angle (after 8 weeks: 0.2°, range -2°to 4.5°, Fig. 5 ). XSLAT did result in a kyphotic angle that increased with implantation time until it reached 7.3°(range 4°-10°) after 8 weeks (Figs. 5, 6b) . XSTOR, interestingly, also induced a lateral deformity (Cobb angle) that increased with implantation time until it reached 5.4°(range 2°-11°) after 8 weeks (Figs. 5, 6a) . XSTOR induced an average apical torsion angle, which after 8 weeks reached 9.5°(range 6°-13°) clockwise. In the thoracic region, the mean torsion angle was 4.0°per motion segment, while it was 3.6°per motion segment in the lumbar region. After implantation, the kyphosis angle increased (no significant difference between XSLAT and XSTOR) mainly in the first week, which appeared to stabilize in the remaining period (10.5°after 8 weeks, range 5°-14°, Fig. 6b ).
In the two pigs that were followed until 12 weeks, the lateral deformation seemed to still progress between 8 and 12 weeks, since their Cobb angle progression between 4 and 12 weeks was higher than the mean progression between 4 and 8 weeks in the remaining pigs (5°vs. 2°for XSLAT and 3°vs. 1.2°for XSTOR). The sagittal profile seemed to remain constant between 8 and 12 weeks (Fig. 6a, b) .
Wedging of vertebrae (in the frontal plane) was observed in all XSLAT pigs, with a maximum in the middle instrumented vertebra (3.5°, range 2°-5°). All instrumented segments showed length progression with a mean of 19.5 % after 8 weeks and 24.4 % after 12 weeks. The implants did not reach their maximal length.
Histology
Some polyethylene particles were found adjacent to the bearings. Tissue surrounding screws and bearings showed some Ti alloy particles. These particles appeared to be phagocytized. 1-3, Fig. 7) . The joints at the site of fixation (I; instrumented) showed moderate cartilage damage (6.81; range 2-13, Fig. 7 ). The joints from sites inside the implant, but not at the fixations (U; uninstrumented), were moderately damaged (6.92, range 3-13, Fig. 7) . The Mann-Whitney analysis showed no difference between U and I (p = 0.789); however, both U and I were statistically different (p \ 0.008) from the control group C.
Discussion
In the current study, we have shown that both the torsional and lateral bending devices were capable of inducing a spinal deformity with similarities to (human) scoliosis. Moreover, the spines remained mobile and could elongate with growth. In contrast to the methods used by Braun and Schwab [12, 19] , the devices were designed such that correction and induction of scoliosis are aimed for in a similar fashion. Whether these devices can permanently reduce a ''true'' scoliosis in the clinical setting remains speculative, since we induced instead of reduced a scoliosis in porcine spines that are fundamentally different in terms of geometry and loading (quadrupedal vs. bipedal). To our knowledge, there are no animal models of ''true'' scoliosis. Therefore, we believe that the goal of animal studies can only be modest, to merely investigate the potential to deform. Especially for our devices, where growth and mobility were important research outcomes, we preferred a healthy, untouched spine and therefore refrained from first inducing a scoliosis.
Cobb angles of XSLAT spines progressed with time, although the rate of progression declined. Undoubtedly, short-term (minutes to hours) and intermediate-term (several days) viscoelastic effects play a role in this. However, after 8 weeks, the Cobb angle induced by XSLAT was far beyond the neutral zone and the physiological ROM of porcine spines that are reported in literature [22] . Also, the apical vertebra showed a distinct wedge shape. Based on these observations, we conclude that the lateral deformation was also the result of growth adaptation as described by Hueter and Volkmann [26] .
After 8 weeks, the apical torsion angle as well as the Cobb angle induced by XSTOR were far beyond the neutral zone and the physiological ROM of porcine spines that are reported in literature [22] . Although we did not investigate the effect of surgery alone, we believe that a bias due to surgery is unlikely, because the spines and pedicle entrees were always exposed on both sides of the eventual scoliotic curve. Therefore, we conclude that both the axial rotation and the lateral deformation were largely induced by the implants and mainly facilitated by adaptive tissue processes.
Growth of the spines was clearly observed. Whether this growth is comparable to the normal growth of porcine spines is unclear, as normal growth data for young porcine spines are not available from literature. If, however, the implant had hampered the spinal growth (posterior tethering), one would expect the elongation of the spines to be larger than the elongation of the implants, which was not observed. Also, posterior tethering typically results in secondary lordotic curves, which was not observed.
A moderate detrimental effect on the facet joints was found in the outer instrumented segments. This was not related to the presence of pedicle screws and therefore appears to be related to either surgical exposure of this part of the spine or less physiological mobility due to the added stiffness or pain. Only one of the 60 facet joints in the instrumented area was fused, while all others remained mobile. This is encouraging because the fast-growing porcine spine is more likely to fuse than the human spine [27] . The effect of fusionless scoliosis instrumentation on facet joints and other tissues in human and animal models has been poorly researched and still remains unclear [28, 29] .
In most pigs, some bone formation was observed in the tissue surrounding the pedicle screw fixations, likely caused by damaging of the periosteum during insertion of the screws and placement of the bridges. This minor bone formation was interpreted as acceptable and may be preferable because it will consolidate the fixation anchors. In some pigs, minor bone formation was found in the tissue surrounding the implant at other locations as well. It is believed to be the result of periosteal damage caused by implants rubbing against the spinous processes, lamina or facet joints during daily movements. Since facet and interlaminar fusions in lower animals, such as sheep, dogs, goats and pigs, are commonly achieved more easily than in humans [27, 30] , we consider this minor bone formation to be acceptable.
This study has some limitations. First, we used wide and narrow versions of each implant. The use of narrow implants, which delivered slightly less lateral bending moment (for XSLAT) and torque (for XSTOR), did not seem to result in altered deformation. XSLAT-narrow created slightly larger mean Cobb angle than XSLAT-wide, while XSTOR-wide created a slightly larger mean torsion angle than XSTORnarrow. These differences were not significant; nonetheless, this could be attributed to the small sample size.
Second, the reference X rays (day 0) were taken after the pigs spent several hours in a prone position during surgery, thereby inducing some lordosis due to the viscoelastic deformation of the spine. For the post-surgical radiographing (1, 4, 8 and 12 weeks after surgery), the time spent in the prone position was much shorter and thus less viscoelastic deformation was present. Given the flexibility of the spines postmortem (manually examined), it is most likely that this viscoelastic effect is the sole explanation for the effect of the implant on kyphosis.
The third limitation of our study is the lack of sham conditions, as the surgery itself will have an effect on the growing spine, especially in the sagittal plane. However, with respect to the intended deformations, it can be expected that this ''sham'' effect would be similarly present for both types of posterior implants. In fact, we did not observe any rotation in the XSLAT, and the observed lateral bending in the XSTOR where the convexity was on the implant side was actually the opposite of the curve generated by XSLAT.
Fourth, from the radiographs, accurate determination of torsion angles was not possible. For this, we used the CT analysis that was, however, only made after terminating the pigs, thus not allowing for a time-effect analysis. Visually, we did not see rotation in the animals directly after implanting the torsion device, nor on the day 0 radiographs. In conclusion, the study showed that particularly the XSTOR was capable of inducing deformities in two different planes, in accordance with the coupled motions that have been suggested previously in literature [18, 31, 32] . Our system will indirectly influence the sagittal profile by gradual reduction in the other two planes, since it has been shown in spinal motion segments that rotational, lateral and sagittal motion are coupled [18] .
We believe this study can be regarded as a proof of concept of the investigated devices. Therefore, these devices may contribute to a future non-fusion approach of idiopathic scoliosis correction in humans.
In this study, we did not attempt to create a stable spine after deforming it with our inverse approach. We believe that would not yield a proper indication for creating a stable corrected spine. However, our ultimate goal is to create a stable, non-scoliotic spine. Whether the XSLATOR is capable of that will be studied in future research.
